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Abstract 
The study of extraction of U(VI) from LiNO3 media by N,N-(2-ethylhexyl)isobutyramide (DEHiBA) in dodecane has been 
performed at 25.00°C using isothermal titration microcalorimetry. The raw heat measured is a sum of contributions. To obtain 
the net extraction enthalpy variation, different heats have to be evaluated as the dilution of amide into dodecane phase which 
has been measured and subtracted. The microcalorimetric extraction results are then compared to data obtained by Van’t Hoff 
classical method. The extraction enthalpies obtained by both methods are similar. This first study allowed to define the 
experimental calorimetric conditions and will be followed by determination with other actinides and amides.  
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1. Introduction 
In the frame of nuclear fuel reprocessing, the recovery of uranium and plutonium is the key step. The PUREX 
process based on the extraction by TBP is the reference way. Among different options studied for the future 
actinides recycling, the GANEX concept could separate all actinides as one group [1]. The first step could be the 
extraction of uranium by dialkylamides (RR’CONR’’). Although their efficiency has been studied [2,3], 
understanding at molecular scale can be improved. 
The extraction equilibrium of actinides (M) by neutral dialkylamides (A) is mainly described by a solvation 
mechanism (extraction and solubilisation of cation and its counter-ion in the organic phase by a neutral 
extractant), represented by this global equation: 
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where KM is the related equilibrium constant for the biphasic extraction reaction. The value of this constant is 
given by: 
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where the square brackets represent the concentrations and the Ȗ’s the activity coefficients of the respective 
species. The subscripts aq. and org. represent the aqueous and the organic phases, respectively. An apparent 
equilibrium constant K’M is often calculated with the consideration that the ratio of organic activity coefficients 
equals 1: 
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where DM is the distribution coefficient (defined as the ratio between metal concentration in the organic and 
aqueous phases).  
Numbers of authors have measured the variation of distribution coefficients with composition of each phase 
and with temperature to estimate the thermodynamic properties (ǻextG° and ǻextH°) related to the above 
equilibrium [4-6]. This procedure is not consistent with molecular approach of extraction: the extraction 
equilibrium presented (1) is a global representation of the extraction process while it can be described as a sum of 
contributions at molecular scale. In this study we want to perform experiments to evaluate each contribution 
which are proposed in Fig. 1. This approach has already been followed by authors like Markus for the extraction 
of uranyl by TBP [7]. 
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Fig. 1. Thermodynamic cycle suggested for the extraction of U(VI) by dialkylamides. 
In our case, we propose the following decomposition of the main thermodynamic property, the Gibbs Free 
Energy related to the extraction ǻextG°: 
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where KM is the extraction equilibrium (relation (2)), R is the gas constant, T is the absolute temperature, 
ǻextH° and ǻextS° are the extraction enthalpy and entropy variations respectively. ǻG°compl,aq represents the free 
energy variation for the complexation of metal M by its counter-ion (with partial dehydration included); 
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ǻG°solv,transfer represents the free energy variation for the change of solvation of MXm and its solubilisation into 
the organic phase; and ǻG°compl,org represents the free energy variation for the ligand-metal complex formation 
and its dilution into the organic phase (Fig. 1).  
To analyse the difference of affinity between two ligands or the difference of selectivity between two cations, 
we will focus on the main contributions in the term ǻ(ǻextG°):
 
       o orgcomplo sfersolvo aqcomploext GGGG ,tan,, '''''' ''  (5) 
As shown by relation (4), this study can be performed by an energetic and/or a structural approach. The first 
investigations focused on the determination of the enthalpic term because this contribution is often the driving 
force with solvation mechanisms. Both methods (Van’t Hoff and microcalorimetry) were tested. Indeed, the 
calorimetry can separate each contribution of extraction enthalpy though the analysis is difficult in the case of 
biphasic systems [8]. 
The reaction followed was the extraction of U(VI) from LiNO3 media by Di-2-EthylHexylisoButyrAmide 
(DEHiBA) in dodecane. Indeed, this first study focused on this dialkylamide since it was selected for the 
GANEX first step. Nitric acid was not introduced in this first study to avoid side reaction due to its extraction. 
The experiments with calorimetry need an accurate optimisation because of important concentrations of solutes 
(cation and amide) and the net enthalpy variation could be deduced after subtraction of the different additional 
heats. This paper presents the optimization and the first results. 
2. Experimental 
2.1. Materials 
The dialkylamides were synthesized by Pharmasynthese (Lisses, France). The purity was checked by NMR 
and mass spectrometry. Aqueous uranium nitrate solutions comes from a stock solution in which lithium nitrate 
at reagent grade (Prolabo, purity > 99%) has been added with osmosed water produced by Milli-Q Plus apparatus 
(Millipore). n-dodecane was used as diluent without further purification (Sigma Aldrich, purity  99%).  
2.2. Analyses and extraction data  
The ionic strength and the pH of the aqueous phases were fixed at constant values (3 mol.L-1 and pH = 2) with 
lithium nitrate and nitric acid respectively.  
The organic phases were prepared by dissolution of weighed amounts of amide in n-dodecane and the 
concentration of the amide was checked by classical non aqueous titration (HClO4 in acetic medium).  
To improve the accuracy on concentrations, the densities of each phase (aqueous and organic) were 
determined at 21°C using an Anton Paar digital vibrating U-tube densitometer (model DMA 4500) with a 
resolution of ± 1.10-5 g.cm-3.  
Van’t Hoff experiments: The tubes were located in a thermostated shaker connected to a constant temperature 
Hake bath (± 0.1°C) outside the glove box. After a decantation step (1 hour at selected temperature), both phases 
were quickly separated and duplicate aliquots of each phase were taken for cation analysis. The uranium 
concentration was determined by Xray Fluorescence using FX Metorex apparatus (model X-MET 920). Uranium 
concentration in the aqueous phase was “directly” determined by diluting an aliquot (usually 100 μl) into 5 ml of 
HNO3 1 mol.L-1 medium. The uranium in the organic phase was analysed after stripping by a low acidic aqueous 
phase (pH = 2). Material balance was systematically checked after aqueous and organic assay (material 
difference < 2%). 
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2.3. Microcalorimetry 
Microcalorimetric measurements were performed at 25 °C using a Thermal Activity Monitor (TAM 2277) 
microcalorimetric system (Thermometric – TA Instruments) [9]. This device is based on a precise thermostated 
water bath (± 0.1 mK per 24 h) which acts as a heat sink and can hold up to four independent calorimetric units. 
Both phases were introduced in the calorimeter thanks to a 2 mL glass cell and a ligand solution (amide-
dodecane) was added into the cell through a fine gold cannula. The titrant solution was pre-equilibrated with 
aqueous nitrate phase, volume ratio equalling unity, immediately prior to use. The solutions in the cell were 
stirred with a gold propeller positioned at the interface. The volume of titrant was injected with a programmable 
motor-driven Thermometric Lund pump equipped with a 250 μL Hamilton syringe. The equilibrium of the 
chemical system in the reaction vessel was checked at the end of the experiment by measurement of metal 
concentration in each phase and comparison with the distribution coefficient under the same chemical conditions. 
Each calorimetric experiment was performed at least twice. The measured heats of reaction q resulting from 
injections of the amide solution into the cell were converted to enthalpy according to: 
 ǻH = q/ǻn   (6)  
where ǻn represents the number of moles of uranium transferred into the organic phase. 
3. Results and discussion 
The purpose of the first investigations was a study of the structure-reactivity relationship for different amides. 
To evaluate the contribution of inductive and/or steric effects of the substituents, the thermodynamic cycle 
related to the extraction of a same cation (in this case uranium) can provide information on interactions between 
uranium-amide but also amide-dodecane. The first studies concerned the extraction of uranyl at 
macroconcentration (0.2 mol.L-1) by 1 mol.L-1 DEHiBA-dodecane solution: the main results are represented on 
Fig. 2.   
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Fig. 2. (a) Example of thermal signal measured for uranyl extraction by DEHiBA; (b) Extraction heat as a function of the injection number 
during the uranyl extraction by DEHiBA at 25°C. Initial aqueous phase : 3 mol.L-1 LiNO3 + 0.2 mol.L-1 UO2(NO3)2; Initial organic phase : 1 
mol.L-1 DEHiBA in dodecane. 
On the graph of Fig. 2 (b), each point corresponds to an injection of 15 μl of amide solution into the organic 
phase. We observe a linear trend between the measured heat and the injection number. The average raw enthalpy 
for this system is equal to –30 kJ.mol-1. However this value is a global result that include the extraction process 
P, μW 
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but also side reactions. To get the net ǻextH, we have to identify and estimate these additional heats. In order to 
do so, we have considered 5 processes which contribute to the raw thermal signal: 
x Variation of the water concentration in the organic phase induced by the extraction or stripping of the water. 
x Variation of the lithium concentration if this ion can be extracted by the monoamide. 
x Variation of the amide concentration in the organic phase induced by the consumption of the free 
dialkylamide during the extraction process to form the complex.  
x Dilution of the amide-uranium complex in the organic phase. 
x Dilution of uranyl in the aqueous phase induced by the consumption of uranyl during the extraction process. 
The heats related to the first two processes were neglected since the experimental procedure minimizes their 
effect (the organic phase is pre-equilibrated with aqueous nitrate lithium phase). Moreover the level of water in 
the organic phase is low (0.05 mol.L-1) and the absence of lithium in the organic phase was checked by ICP-
measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Heat of dilution of DEHiBA in dodecane at 25°C determined upon 90 successive injections of  
10 μl of 1.52 mol.L-1 amide – dodecane solution into 500 μl of dodecane phase. 
The amide dilution was studied by microcalorimetry by adding n x 10 μl of 1.52 mol.L-1 amide-dodecane 
solution into 500 μl of dodecane phase. The observed heat related to the amount of amide added is positive and 
slowly decreases with DEHiBA concentration (Fig. 3). This trend could be explained by the deviation from 
ideality: amide-amide interactions increase with the concentration of amide. In the conditions of the 
microcalorimetry experiments, the amide concentration varies between 0.65 and 1 mol.L-1 as shown by the dotted 
red line on Fig. 3. The determination of the enthalpy related to the amide dilution was performed by calculating 
the average value in this concentration range. Thus, we estimated a correction of about + 0.5 kJ.mol-1 for the 
whole titration experiment. 
The dilution of the complex in the organic phase is still under investigation. Concerning the heat related to the 
dilution of uranyl nitrate, first experiments were performed by addition of n x 15 μl of lithium nitrate into 2 ml of 
uranyl nitrate. The dilution enthalpy estimated for this system is about -7.6 kJ.mol-1. As a first approximation, we 
can propose a corrected extraction enthalpy ǻextH between – 20 and – 25 kJ.mol-1. 
In order to complete this calorimetric approach, the more classical Van’t Hoff method was also considered. 
According to this approach, the enthalpy and entropy variation for the investigated extraction reaction (ǻextH and 
ǻextS respectively) can be deduced from the temperature dependence of the extraction equilibrium constant 
(defined by relation (3)): 
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Thus, the distribution coefficients were determined at 4 temperatures (15, 20, 25 and 45°C). The apparent 
extraction equilibrium constant K’M was then calculated without considering the organic activity coefficients. 
Fig. 4 presents the results as ln K’M vs 1/T. This method yielded ǻextH = –28.3 ± 1.2 kJ.mol-1 and ǻextS = – 96.7 ± 
4.0 J.mol-1.K-1. These values, as the calorimetric results, are in the same range as the published data for the 
extraction from acidic conditions: -23.6 ± 1.5 kJ.mol-1 and -74.7 ± 5.1 J.mol-1.K-1 for the enthalpy and entropy of 
extraction respectively [6]. The small difference could be explained by the nature of the aqueous medium which 
could change the term of solvation as presented on Fig. 1. 
 
 
Fig. 4. Variation of the apparent extraction equilibrium constant K'M with temperature. Initial aqueous phase : 3 mol.L-1 LiNO3 + 0.2 mol.L-1 
UO2(NO3)2; Initial organic phase : 1 mol.L-1 DEHiBA in dodecane. 
4. Conclusion  
The extraction enthalpy of uranium – DEHiBA system was determined by calorimetric measurements and the 
more classical Van’t Hoff method. All results are in agreement with published ones obtained in acidic conditions. 
As already demonstrated by Zalupski and al., the two-phase calorimetry is a viable alternative to Van’t Hoff 
method [8]. Moreover, it has the advantage of giving energetic information on other processes like the “amide – 
diluent” and “amide – amide” interactions.  
 The study of uranyl extraction by DEHiBA is an initial work to the project of the determination of the 
influence of the amide structure on the thermodynamic properties. Additional studies are planed with other 
actinides and amides.  
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